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We next examined whether pre-adaptation to air [CO2] would rescue the growth arrest. When cells 120 previously adapted to air [CO2] /ML were diluted (OD750=0.1) and shifted to air [CO2] /HL, no 121 differences in growth patterns between the strains were detected (Fig. 1C) . Importantly, the triple 122 mutants lacking either Flv1 or Flv3 and NDH-13,4 (∆flv1 d3d4 and ∆flv3 d3d4 strains) did not show 123 a lethal phenotype after a shift from 3% [CO2]/ML to air [CO2]/HL, although a somewhat reduced 124 growth was observed compared to the control strains ( Fig. S1B, Fig. S1D ). This suggests that, under 125 the studied conditions, crosstalk between Flv1/3 and NDH-13,4 complexes is not as crucial as with 126 NDH-11,2. Our attempts to create M55/∆flv1 and M55/∆flv3 double mutants lacking either Flv1 or 127
Flv3 and the central membrane component of the NDH-1 complex, NdhB, were both unsuccessful. 128
We were unable to obtain any M55/∆flv1 colonies and the M55/∆flv3 mutant strain demonstrated 129 on agar plates (Ohkawa et al. 2000b) . 139
As the growth phenotypes of ∆flv1 and ∆flv3, ∆flv1 d1d2 and ∆flv3 d1d2 were similar under all 140 conditions, we only included ∆flv3 and ∆flv3 d1d2 in the majority of subsequent experiments. dark-adapted WT and mutant cells grown for four days in air [CO2] / ML. In order to distinguish O2 161 uptake from photosynthetic gross O2 evolution under illumination, we enriched cell suspensions 162 with 18 O2 prior to measurements. In dark-adapted WT cells, a transient peak in O2 uptake occurs 163 during the first minute of illumination ( Fig. 2A ). We showed recently that this transient peak is 164 attributed to the Mehler-like reaction catalyzed predominantly by Flv1/3 hetero-oligomers, while 165 Flv2/4 hetero-oligomers mainly contribute to steady-state light-induced O2 reduction in an 166 interdependent manner (Santana-Sanchez et al., 2019). In ∆flv3 cells, light-induced O2 reduction 167 was almost abolished and only a slight impairment of the rate of photosynthetic gross O2 evolution 168 was observed in comparison to WT cells ( Fig. 2B ). This result is in agreement with previous studies 169 In contrast to the WT, ∆d1d2 cells lacked a fast decay phase of light-induced O2 uptake during the 171 first minute of illumination, demonstrating sustained O2 photoreduction at high levels (c.a. 75-100 172 µmol O2 mg Chl -1 hr -1 ) throughout the illumination period. Meanwhile, gross O2 evolution was FDPs. Indeed, ∆flv3 d1d2 mutant cells showed only minor light-induced O2 uptake transiently 176 during the first minute of illumination (Fig. 2D) . The ∆flv3 d1d2 cells demonstrated slower 177 induction of photosynthetic O2 evolution following two-component kinetics, and slightly impaired 178 steady-state gross O2 evolution compared to WT (Fig. 2D ). 179
The initial peak in CO2 uptake rate at the onset of illumination likely reflects activation of the CCM 180 (Liran et al., 2018) . Accordingly, this initial peak is absent in the M55 mutant deficient in NDH-13,4 181 in addition to NDH-11,2, as well as in WT cells grown at pH 6 ( Fig. S2 ). No salient impairment of 182 CCM was observed in any of the studied strains under air [CO2] / ML, with CO2 uptake rates 183 peaking at c.a. 1.5 mM CO2 mg Chl -1 hr -1 . In WT as well as in ∆flv3, CO2 fixation is then induced 184 and the respiratory compensation point surpassed after ~1 min of illumination ( Fig. 2A-B ). In 185 ∆d1d2, however, induction of CO2 fixation is severely delayed, and the cells only reached the 186 compensation point at the end of the 5 min illumination period ( Fig. 2C) . Intriguingly, although a 187 slight delay was observed also in ∆flv3 d1d2 induction of CO2 fixation was largely recovered in the 188 triple mutant (Fig. 2D) . 4 days, after which the cells were harvested and Chl a concentration adjusted to 10 μg ml -1 with fresh BG-11.
192
Cells were dark-adapted for 15 min, and gas exchange was monitored by membrane inlet mass spectrometry 193 (MIMS) over a 5 min illumination period with 500 μmol photons m -2 s -1 of white actinic light. Prior to the 194 measurements, samples were supplemented with 18 O2 at an equivalent concentration to 16 O2 to distinguish O2 195 uptake from O2 evolution, and with 1. min cycles of LL/HL, however, the ability of Δflv3 to oxidize PSI in HL improved, suggesting that 208 cells were able to acclimate to the fluctuating light condition via a compensatory mechanism that is 209 distinct from Flv1/3 hetero-oligomers, such as e.g. NDH-1 mediated electron transport. 210
We detected no acceptor-side limitation during the HL phases in Δd1d2 ( Fig. 3A) as PSI was 211 oxidized similarly to the WT (Fig. 3B ). Interestingly, however, Δd1d2 cells exhibited slightly 212 elevated acceptor-side limitation during the LL phases of the experiment (Fig. 3A ), suggesting a 213 role for NDH-11,2 in maintaining photosynthetic redox poise in light-limited conditions. In the triple 214 mutant strain Δflv3 d1d2, transitions from low to high irradiance as well as from dark to light 215 caused severe limitation on the acceptor side of PSI, resulting in an inability to oxidize PSI during 216 periodic 1 min HL illumination. Unlike the Δflv3 mutant, Δflv3 d1d2 did not show improvement in 217 the PSI acceptor side limitation during subsequent cycles. This implies a compensating activity of 218 NDH-1 in Δflv3 mutant under the studied conditions. Interestingly, diminished donor side limitation 219 in Δflv3 d1d2 resulted in slightly elevated effective yield of PSI during the HL phases ( Fig. 3C) . 220
This could indicate the attenuation of pH-dependent limitation of electron transfer at Cyt b6f, due to 221 impairment of proton motive force (pmf) generation in CET and the Mehler-like reaction. The 222 effective yield of PSII was slightly decreased in HL in Δflv3 and Δd1d2, but not in Δflv3 d1d2 ( dark-to-LL transitions, NADPH rapidly accumulated close to a maximal amount in all strains. Re-240 oxidation of NADPH then occurred in WT and Δflv3d1d2 cells, while in Δflv3 a slower oxidation 241 phase preceded a transient re-reduction phase during the first minute of illumination ( Fig. 4A-B ). 242
Strong reduction of the NADP + pool was also detected in Δflv3 during the second HL phase of the 243 experiment. In Δd1d2 cells, very little oxidation of the NADPH pool occurred during illumination, 244 even at HL-LL transitions (Fig. 4C ). Chl a fluorescence also remained at an elevated level ( Fig. 4C) , 245 suggesting a reduced PQ pool. This was possibly due to delayed activation of CO2 fixation in the 246 CBB cycle (Fig. 2C ), and impaired CET or dark respiration. In contrast, NADPH was strongly 247 oxidized in Δflv3 d1d2 cells at HL-LL transitions ( Fig. 4D ), but was predominantly reduced in dark-248 adapted cells ( oxidized. In contrast to WT, Fd remained reduced for several seconds in light, and was only slowly 291 re-oxidized over the 30 s illumination period ( Fig. 5B ). These observations indicate the importance 292 of Flv1/3 as an electron sink to O2, accepting electrons presumably from reduced Fd (after ~0.5 s in 293 light). In Δd1d2, redox changes of PC, P700 and Fd were similar to WT, except that the reduction of 294 P700 + following initial oxidation as well as reduction of Fd occurred already after ~50 ms ( Fig. 5C ). 295
In Δflv3 d1d2, re-reduction of P700 + and reduction of Fd also occurred already after ~50 ms ( Fig.  296   5D ), suggesting involvement of NDH-11,2 as an acceptor of electrons from Fd at that stage. Fd was 297 reduced more quickly in Δflv3 d1d2 than in any of the other strains and was slowly re-oxidized over 298 30 s ( Fig. 5D ), likely due to shortage of electron acceptors (Fig. 3A) . In summary, these NIR-299 spectroscopic measurements revealed that Flv1/3 and NDH-11,2 control the redox poise between PSI, 300 PC, and primary electron acceptor Fd during specific time frames at transitions to high irradiance. 301
The results are congruent with Fd functioning as the electron donor to both NDH-11,2 and Flv1/3. pmf, we measured in vivo changes in the pmf by monitoring the absorbance change difference between 304 500-480 nm, which constitutes the electrochromic shift (ECS) in Synechocystis (Viola et al., 2019) . 305
In vivo measurement of light-induced ECS revealed that after 1 s of illumination of dark-adapted WT 306 cells with 500 μmol photons m -2 s -1 , high pmf level was transiently generated, followed by decline 307 during subsequent seconds (Fig. 5E ). After ~10 s of illumination pmf again increased towards a 308 steadier value (Fig. 5E ). Congruently with the strong reduction of P700 and Fd (Fig. 5B ), the initial 309 pmf peak after the first second of illumination was heavily dependent on the presence of Flv1/3. In 310 both Δflv3 and Δflv3 d1d2 pmf and thylakoid proton flux (vH+) were lower than in WT after 1 s ( Fig.  311 5G). In Δflv3 pmf remained drastically lower than in WT during the first seconds of illumination, but 312 differed only slightly from WT thereafter due to diminished conductivity of the thylakoid membrane 313 and Δflv3 d1d2 triple mutants, while an increased amount of both proteins was detected in Δd1d2 372 ( Fig. 6A ). After 24 hours exposure to air [CO2] / HL, PsaB amount had decreased even further in 373
Δflv1 d1d2 and Δflv3 d1d2 (Fig. 6C ). Furthermore, 77K fluorescence spectra revealed that while 374
Δflv3 d1d2 and WT cells grown under air [CO2] / ML had similar PSI/PSII ratios (Fig. 6D) , the 24-375 hour exposure to air [CO2] / HL caused a dramatic decrease in the relative PSI fluorescence cross 376 section (Fig. 6E ). This strongly supports the hypothesis that loss of PSI contributes to the lethality 377 ofthe shift to air [CO2] / HL. Interestingly, a substantial decrease in D1 content in air [CO2] / HL 378 was also observed in the triple mutants ( Fig. 6B-C) . 379 Importantly, the Δflv1 d1d2 and Δflv3 d1d2 strains were unable to induce substantial accumulation 380 of the proteins encoded by the flv4-2 operon after a shift from 3% to air [CO2] ( Fig. 6A and Fig.  381 6C). Only when pre-grown for 4 days in air [CO2] / ML before being shifted to higher irradiance, 382 the expression of the operon was induced (Fig. 6B ). Similarly to flv4-2 operon proteins, both 383
NdhD3 and SbtA failed to accumulate after shifts from 3% to air [CO2] / HL in the triple mutants, 384 which likely impairs CCM and contributes to the lethal phenotype of the triple mutants in those 385 conditions. Only small amounts of NdhD3 and SbtA were detected also in triple mutant cells shifted 386 from 3% [CO2] to air [CO2] / ML (Fig. 6A ). Closer to WT amount of NdhD3 but only a small 387 amount of SbtA was detected after 24 hours in air [CO2] / HL (shifted from air [CO2] / ML) ( Fig.  388   6B ). In the Δd1d2 mutant NdhD3 content was similar to WT, but Flv3 as well as the flv4-2 operon 389 proteins (Flv2, Flv4, and Sll0218) were upregulated in all conditions tested (Fig. 6) , which likely 390 contributes to the increased rate of O2 photoreduction in that strain (Fig. 2C ). The amounts of OCP 391 and of FNRL were unchanged in the mutant strains in all conditions (Fig. 6) . 392 demonstrate that the quick re-oxidation of Fd after 0.5 s (Fig. 5A ) in light is absent in the Δflv3 439 deletion strains, whereby Fd remains strongly reduced (Fig. 5B ). This result, together with a lack of 440 impairment in NADP + reduction and oxidation kinetics of Δflv3 deletion strains (similar conditions, 441 The deficiency of NDH-11,2, in turn, reduced the cells' ability to maintain oxidized P700 and Fd 446 under high irradiance soon after (~50-200 ms) a dark-to-light transition (Fig. 5C ). This brief 447 timescale may be due to PSI-NDH-1 supercomplexes (Gao et al., 2016) where P700 can be 448 oxidized rapidly upon the onset of illumination. It has been shown that formation of the NDH-1-PSI 449 supercomplex is important to keep PSI functional under various stress conditions (Zhao et al. 2017) . 450 NDH-11,2 -deficiency also caused slightly elevated acceptor side limitation of PSI under low 451 irradiance (Fig. 3A) , which was likely due to a lack of NADPH oxidation during the low light 452 phases of fluctuating light (Fig. 4C) . Thus, NDH-11,2 appears to play an important role under low 453 light, as has been previously suggested for chloroplastic NDH in angiosperms (Yamori et al., 2011; 454 Yamori et al., 2015) and bryophytes (Ueda et al., 2012) . The delayed activation of CBB in Δd1d2 455 did not result in an inability to oxidize PSI ( Fig. 3B and Fig. 5C ), likely due to significant 456 enhancement of FDP-mediated O2 photoreduction (Fig. 2C) providing an enlarged electron sink for 457 the photosynthetic electron transport chain.An opposite order of causation is also possible, whereby 458 the excessive funneling of photosynthetic electrons to O2 would cause the delay in induction of CO2 459 fixation in Δd1d2. However, the observation that there is no NADPH shortage at the onset of 460 illumination in Δd1d2, and rather the consumption of NADPH during transitions from HL to LL is 461 impaired (Fig. 4C) , suggests that the availability of reductant for the CBB is not the limiting factor. 462
Nor is it likely CO2, as CCM is functioning as in WT (Fig. 2C ), or ATP, as ATP synthase activity 463 was even higher than in WT in Δd1d2 (Fig. 5F ). Nevertheless, simultaneous deficiency of FDPs in 464 addition to NDH-11,2 (in Δflv3 d1d2 triple mutant), with the effect of diminishing the flow of 465 photosynthetic electrons to O2 photoreduction, mostly rescued the delay in CO2 fixation (Fig. 2D) was still observed in Δflv3 d1d2 during dark-to-HL transitions (Fig. 2D) , possibly mediated by the 468 thylakoid terminal oxidases (Ermakova et al., 2016) or by photorespiration (Allahverdiyeva et al., 469 2011 ). However, the triple mutants suffered from more severe inability to oxidize PSI than Δflv3 470 during sudden increases in irradiance (Fig. 3) . These observations suggest that in addition Flv1/3, 471 also NDH-11,2 has a role in contributing to oxidation of PSI during changes in light conditions or 472 carbon availability. Upon deficiency of NDH-11,2 (in Δd1d2), cells prioritize protection of PSI over 473 efficient CO2 fixation by upregulating the Mehler-like reaction via an unknown mechanism. The 474 triple mutants cannot do this, leading to timely induction of CO2 fixation at the high cost of inability 475 to oxidize PSI (Fig. 3A and 3) or Fd (Fig. 5D ). This results in loss of PSI (Fig. 6) , possibly due to 476 photodamage to its FeS clusters (Tiwari et al., 2016; Shimakawa et al., 2016) . therefore contribute to buildup of ∆pH, which limits electron transfer to PSI by inhibiting 490 PQH2 oxidation at Cyt b6f (Shimakawa and Miyake, 2018b) and drives ATP synthesis to 491 accommodate the needs of the CBB, increasing its electron sink capacity. As the like reaction also contributes to buildup of ∆pH by consuming H + on the cytosolic side of 493 the thylakoid membrane and by supporting linear electron flow (Fig. 5) , (Allahverdiyeva et 494 al., 2013) , enhanced FDP activity in ∆d1d2 (Fig. 2C) partly compensates for the lack of 495 NDH-11,2 in respect to generation of proton flux (Fig. 5G ). However, this fails to explain 496 ( Fig. 3 and Fig. 5 ) because in the triple mutant pmf was not lower than in ∆flv3 (Fig. 5E) . 498
Adequate pmf is maintained however at the expense of ATP synthase activity (Fig. 5F) , and 499 it is likely that diminished ATP production contributes to the increased acceptor side 500 limitation of PSI in ∆flv3 d1d2 (Fig. 3A) . NDH-11,2 could therefore contribute to P700 501 oxidation by enhancing cytosolic sink capacity by providing a more suitable ATP:NADPH 502 ratio for the CBB. Adjustment of the ATP:NADPH ratio closer to the theoretically optimal 503 3:2 has long been considered a fundamental reason for the existence of CET ( NDH-1 has been predicted, albeit not yet experimentally shown in photosynthetic 520 organisms, to be able to function in reverse: to oxidize PQH2 driven by concomitant release 521 of protons from the thylakoid lumen (Strand et al., 2017) . Such reverse activity would 522 constitute a 'pseudo-linear' electron transfer pathway that would bypass PSI and thereby 523 prevent its over-reduction. This could occur in conditions where the PQ pool is reduced, 524 pmf is high, and the Fd pool is oxidized (Strand et al., 2017) . Such conditions likely exist 525 transiently during dark-to-light and LL-to-HL transitions ( Fig. 4 and 5) (Strand et al., 526 2019) . Accordingly, fast re-reduction of P700 + already after 50 ms was observed in Δd1d2 527 and Δflv3 d1d2 during dark-to-HL transitions (Fig. 5C ). As supported by the impaired 528 ability to oxidize Fd in absence of Flv1/3 (Fig. 5) , the presence of Flv1/3-catalyzed Mehler-529 is noteworthy, however, that NDH-1 reverse activity would also have the effect of lowering 532
ΔpH, thereby relieving photosynthetic control at Cyt b6f. This could counteract the effect of 533 any reverse NDH-1 activity by increasing electron flow to PSI. 534
535
Hypothetical mechanisms for coordination of Flv1/3 and NDH-11,2 activities are shown in Fig. 7 . is coupled with an increase in irradiance, however, a low amount of CCM, reflected by low 550 accumulation level of NdhD3 and SbtA in the Δflv3d1d2 and Δflv3d1d2 triple mutants ( Fig. 6C ) 551 fails to dissipate excess energy, thus resulting in photodamage and lethality of those conditions. The 552 regulatory mechanisms controlling the inability of the triple mutants to accumulate low Ci-inducible 553 proteins is unclear and remains to be elucidated. Accumulation of NADP + and α-ketogutarate 554 inhibits the induction of CCM gene expression via interaction with the transcription factor NdhR 555 (CcmR) (Daley et al., 2012) . NdhR also controls expression of the Flv4-2 operon encoding Flv2, 556
Flv4, and Sll0218 (Eisenhut et al., 2012) , all of which also showed decreased accumulation levels in 557 the triple mutants (Fig. 6) . However, at least in the tested conditions, no substantial increase in the 558 relative amount of NADP + was detected in Δflv3d1d2 cells (Fig. 4) . It is important to note however, and Δflv3 d3d4 mutant cells do not show clear growth phenotypes (Fig. S1 ). 561
562
CONCLUSIONS 563
In the current study we have shown that FDPs and NDH-1 function cooperatively to maintain redox 564 balance between the PETC and cytosolic carbon assimilation upon sudden changes in light intensity 565 and/or carbon availability. It is likely that both pathways receive electrons primarily from Fd, which 566 
MATERIALS AND METHODS 595

Strains and culture conditions 596
In the current study we used the glucose-tolerant WT strain Synechocystis sp. PCC 6803 (Williams, 597 1988 ), single mutant strains Δflv1 and Δflv3 (Helman et al., 2003) , the M55 mutant ( ΔndhB) 598 (Ogawa 1991) , double mutants Δd1d2 and Δd3d4 (Ohkawa et al., 2000a) , and triple mutants Δflv1 599 d1d2, Δflv3 d1d2, Δflv1 d3d4, and Δflv3 d3d4 obtained from the CyanoMutants collection 600 (Nakamura et al., 1999) . The triple mutants were constructed by T. Ogawa in Δd1d2 and Δd3d4 601 backgrounds. All the mutants demonstrated complete segregation. Pre-experimental cultures were 602 always grown in 30 ml batches of BG-11 medium pH 7.5 (Williams, 1988) ML for 4 days, after which the cells were harvested and Chl a concentration adjusted to 10 μg ml -1 703 with fresh BG-11. Cells were dark-adapted for 15 min, and gas exchange was monitored by 704 membrane inlet mass spectrometry (MIMS) over a 5 min illumination period with 500 μmol 705 photons m -2 s -1 of white actinic light. Prior to the measurements, samples were supplemented with 706 18 O2 at an equivalent concentration to 16 O2 to distinguish O2 uptake from O2 evolution, and with 1.5 707 mM NaHCO3. The dashed line in each panel indicates the compensation point of CO2 fixation 708 (uptake rate equals respiratory rate). The experiment was repeated with three independent biological 709 replicates, of which representative measurements are shown. 710 according to (Klughammer and Schreiber, 2008) . Chl a fluorescence changes were measured 714 simultaneously with PSI redox changes and used to calculate (D) effective yield of PSII. Cells were 715 grown in air [CO2] / ML for 4 days, after which the cells were harvested and Chl a concentration 716 adjusted to 10 μg ml -1 with fresh BG-11. Cells were dark-adapted for 10 min, and then illuminated 717 with red actinic light intensity alternating between 25 and 530 μmol photons m -2 s -1 in 1 min periods. 718
Saturating pulses (500 ms of 5000 μmol photons m -2 s -1 ) were provided every 15 seconds. The values 719 shown are averages from 3-4 independent biological replicates ±SE. 720 after which the cells were harvested and Chl a concentration adjusted to 5 μg ml -1 with fresh BG-723 11. Cells were dark-adapted for 10 min, and then subjected to illumination with red actinic light 724 alternating between 25 and 530 μmol photons m -2 s -1 in 1 min periods. NADPH redox changes were 725 monitored with the Dual-PAM 100 spectrophotometer and its 9-AA/NADPH accessory module by 
